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[57] ABSTRACT 

A spinning strip aperture imaging radiometer sensor system 
and data processing method for synthesizing a super 
resolved scene estimate (super-resolved scene) from a plu 
rality of image frames acquired by the strip aperture imaging 
sensor system. One embodiment of the imaging system 
comprises a rotating strip aperture Wide ?eld of vieW 
telescope, a tWo dimensional detector array for detecting 
images in the focal plane of the telescope, rotation compen 
sation apparatus for preventing rotational smear during the 
integration time of the detectors, a signal processor for 
recording a plurality of image frames of a scene that is 
imaged by the telescope as it rotates around its optical aXis, 
and an estimation processor employing the present method 
for synthesizing the super-resolved scene estimate from the 
recorded images. The super-resolved image synthesis 
method uses a plurality of rotating strip aperture measure 
ments Within the strip aperture passband and Within the 
passband of an equivalent bandlimited synthesized full 
circular aperture to estimate the spatial frequency informa 
tion outside the total measurement passband, and/or outside 
the passband of the equivalent bandlimited synthesized full 
circular aperture, as Well as Within the equivalent bandlim 
ited passband. Knowledge of the spatial response function of 
the strip aperture, the spatial response function of the 
detector array, noise statistics, and the temporal registrations 
of each of the recorded strip aperture images permits syn 
thesis of the super-resolved full aperture image by the sensor 
system and image synthesis method. The super-resolved 
image synthesis method may be employed in the spatial 
domain, the spatial frequency domain, or both. 

T 
21 Claims, 16 Drawing Sheets 

SUPER-RESOLUTION 
ESTIMATION 

PROCESSOR 

SUPER-RESOLVED 
SCENE ESTIMATE 



U.S. Patent Dec. 5,2000 Sheet 1 0f 16 6,155,704 

A 
r \ 

/10 
12 

\_/1'2Z1 )4 
17 \ 19 

12b 16\ \ 1s 

;a_o 
15 

/ 13a 
21 20 

HQ. 1 

SPINAP SENSOR INDIVIDUAL SPINAP _ 

SYSTEM "STRIP" APERTURE IMAGES 

\ 23 I \ 22 

SUPER-RESOLUTION 
ESTIMATION 
PROCESSOR 

30/’ 24 
\ 

SUPER-RESOLVED 

Fl G_ 2 SCENE ESTIMATE 



U.S. Patent Dec. 5,2000 Sheet 2 0f 16 6,155,704 

Sp|NAp SENSOR INDIVIDUAL SPINAP 

SYSTEM “ST-RIP" APEFITUFIE IMAGES 

X 
25 22 

FRAME REGISTRATION ERROR 

PROCESSOR 

23 
\ 

SUPER-RESOLUTION 
ESTIMATION 

30” PROCESSOR 

24 

PK; 3 SUPER-RESOLVED 
' SCENE ESTIMATE 

SPINAP SENSOR INDIVIDUAL SPINAP 
SYSTEM “STRIP" APERTURE IMAGES‘ 

25 
I 

Fl G 4 FRAME REGISTRATION ERROR 
- PROCESSOR 

2g 23\ ‘ 
SPINAP BANDLIMITED SUPEFSTTTS/SXCTJIEUNTION 
IMAGE SYNTHESIS PROCESSOR 

24 
\\ 

SUPER-RESOLVED 
SCENE ESTIMATE 



U.S. Patent 

FIG. 5 21 
/ 

SPINAF' SENSOR 

SYSTEM 

Sheet 3 0f 16 6,155,704 

22\ I I 

INDIVIDUAL SPINAP ‘ 

"STRIP" APERTURE IMAGES 

Dec. 5, 2000 

25 
30 \I» \ 

FRAME REGISTRATION ERROR 

PROCESSOR 

I 23 ‘ 

26\ I \ 

SPINAP BANDLIMITED SUPER-RESOLUTION 
IMAGE SYNTHESIS ESTIMATION 

PROCESSOR 
I 

27\ 
SUPER-RESOLVED 

SPINAP SENSOR 
SYSTEM 

TRAINING 
MODIFIES 
A PRIORI 
DATA 

SCENE APRIORI 
INFORMATION 

SCENE ESTIMATE 

INDIVIDUAL SPINAP ‘ 

“STRIP” APERTURE IMAGES 

25 
\ 

FRAME REGISTRATION 
ERROR PROCESSOR 

23 
I 

I 
26 

SPINAF’ BANDLIMITED 
IMAGE SYNTHESIS I 

\ 
‘SUPER-RESOLUTION 
‘ ESTIMATION 

\ PROCESSOR 

24 

I 
SUPER-RESOLVED 
SCENE ESTIMATE 

SCENE APRIORI 
INFORMATION \I I 

















U.S. Patent Dec. 5, 2000 Sheet 11 0f 16 6,155,704 

. x 

1 

mv g 

c : 

Tam" ,n :53 
wv 

QMPOmIEwE ?ZOEIOZDm wwZOmmmmQ mm - ZOFOZDm 

no? .GE 

T 

. E 

s 0 @525 mm 

5556mm 
2: .oz 205 

Mm 







U.S. Patent Dec. 5,2000 Sheet 14 0f 16 6,155,704 

SYNTHESIZED 

- MW?!" 
=. .4 .j -. . 

‘ii-F," 24:? 
~20, "F." “l: "\\ 
Qua‘? 

24 FRAMES "TRUE SCENE" 2X REFERENCE 
40K ITERATIONS IMAGE 

POWER SPECTRUM .- If“? 

INSIDE 
PASSBAND 

RANK CORRELATION 
LINEAR CORRELATION 

OUTSIDE 
PASSBAND 

RANK CORRELATION ——————> 0.161 0.436 
LINEAR CORRELATION 0.250 0.417 

FIG. 12 





U.S. Patent Dec. 5,2000 Sheet 16 0f 16 6,155,704 

wZOF<E wt ooom ooow ooom ooow 00o? 

I 

/ 

NV :55 xw 0k zoFiwmmoo EZQwwmiEzw .155: wmnEmnz ESE: $33020 XN wzwow 



6,155,704 
1 

SUPER-RESOLVED FULL APERTURE 
SCENE SYNTHESIS USING ROTATING 

STRIP APERTURE IMAGE 
MEASUREMENTS 

BACKGROUND 

The present invention relates generally to spinning aper 
ture radiometers and methods, and more particularly to 
spinning strip (partial) aperture imaging radiometers and 
methods that synthesiZe super-resolved scene estimates from 
a plurality of rotating strip aperture image measurements. 

To provide high resolution images from space-based 
platforms, for example, conventional sensor architectures 
incorporate active control of large, heavy, deployable optical 
systems. Depending upon the mission requirements and the 
siZe of the primary mirror, the active control can range from 
periodic piston and tilt control of primary mirror segments 
to piston, tilt, ?gure, and alignment control of all optical 
elements comprising the sensor. 

Full aperture systems With the same resolution as the 
present invention have a great deal of light gathering capa 
bility because of the relatively large aperture areas. 
HoWever, to place multi-meter diameter apertures into orbit, 
full aperture systems competing With the present invention 
require: segmented optical surfaces and folded support 
structures, if the optical system diameters are larger than the 
launch vehicle’s fairing; complex and potentially high band 
Width adaptive optical techniques, if thin deformable mirrors 
are used to save Weight; and complex piston and pupil 
matching control, if implemented as a phased array. 
Therefore, the full aperture systems are relatively heavy and 
have relatively high technical risk and cost. 

Prior art relating to and enhanced by the present invention 
is disclosed in US. Pat. No. 5,243,351 entitled “Full Aper 
ture Image Synthesis Using Rotating Strip Aperture Image 
Measurements”, assigned to the assignee of the present 
invention. The invention of US. Pat. No. 5,243,351 is 
knoWn as the SpinAp system. The commonality betWeen the 
approaches of the SpinAp system and the present invention 
(referred to herein as the SuperSpinAp system) arises from 
the use of temporally registered strip aperture measurements 
to synthesiZe an image, or estimate a scene. 

Accordingly, it is an objective of the present invention to 
provide for spinning strip aperture imaging radiometers and 
methods that synthesiZe super-resolved scene estimates from 
a plurality of rotating strip aperture image measurements. 

SUMMARY OF THE INVENTION 

To meet the above and other objectives, one embodiment 
of the present invention provides for a spinning strip radi 
ometer system and method that synthesiZes super-resolved 
scene estimates from a plurality of rotating strip aperture 
image measurements. The expression super-resolved used 
herein refers to the ability of the present invention to 
accurately estimate scene information for spatial frequencies 
larger in magnitude than the aperture de?ned spatial fre 
quency cutoff. Speci?cally, for the sensor system and data 
processing method described herein, super-resolution refers 
to extension of the information content of the estimated 
scene beyond the spatial frequency optical cutoff of the strip 
aperture system, and/or beyond the optical cutoff of the 
equivalent full circular aperture having radius equal to the 
largest correlation length associated With the strip aperture’s 
geometry. The expression “strip aperture” refers to general 
aperture geometries described in US. Pat. No. 5,243,351. 

The system includes a rotating strip aperture telescope 
that produces temporally contiguous or sequential images. 
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2 
The rotating strip aperture telescope typically comprises a 
rotating strip aperture primary re?ector and a secondary 
re?ector. A tWo dimensional detector array is provided to 
detect images located in the focal plane of the telescope. A 
rotation compensation device is employed to prevent rota 
tional smear during the integration time of the detectors of 
the array. A signal processor is provided for recording a 
plurality of image frames of a target scene imaged by the 
telescope as the strip aperture rotates around the telescope’s 
optical axis, and for synthesiZing super-resolved estimates 
of the observed scene from the recorded images for spatial 
frequencies larger in magnitude than a spatial frequency 
cutoff of the rotating strip aperture, and/or beyond the 
optical cutoff of the equivalent full circular aperture of the 
SpinAp system. 
The present invention thus provides for a spinning strip 

(partial) aperture imaging radiometer that synthesiZes super 
resolved radiometric scene estimates from a plurality of 
rotating strip aperture image measurements, While compen 
sating for random, and/or systematic line of sight errors 
betWeen individual strip aperture images. The present inven 
tion thus provides improved high resolution images When 
compared to the conventional SpinAp system for the same 
Weight, or When compared to the conventional full aperture 
system of the same Weight. 
One embodiment of the synthesiZing process performed 

by the sensor and processor of the present invention sum 
mariZed above is as folloWs. As the spinning strip aperture 
rotates around the telescope’s optical axis the folloWing 
occurs. The rotation compensation device counter-rotates 
during the integration time of the detectors, thereby provid 
ing a temporally stationary image. An image frame is 
recorded and saved. If a rotating (relative to the scene) 
detector array architecture has been selected, the acquired 
frame is coordinate transformed and interpolated to a refer 
ence grid of the (not super-resolved) synthesiZed image. The 
data is Fourier transformed and stored. A neW frame is 
recorded and saved. An estimate of the frame-to-frame 
misregistration of the recorded data due to random line of 
sight errors is obtained. The strip aperture images, or the 
Fourier transforms, are corrected for their line of sight errors 
and are stored. The preceding steps are sequentially repeated 
for each strip aperture image frame, or the frames are 
sequentially acquired and stored, and then global estimates 
of the line of sight are determined to register the frames. 

Once the individual strip aperture frames have been 
registered, the super-resolution synthesis process begins. 
One embodiment of the super-resolution synthesis process 
incorporates the folloWing steps. The desired amount of 
passband extension is used to determine the sample spacing 
for the synthesiZed super-resolved image. The coordinate 
system and spatial grid associated With the super-resolved 
image is referred to herein as a high resolution or super 
resolution grid. Starting estimates of the super-resolved 
synthesiZed image and the mean value of the super-resolved 
image on the high resolution grid are determined. The 
starting estimate for the super-resolved image can be 
obtained by applying the SpinAp processing approach to the 
data, loW pass spatial frequency ?ltering to obtain loW noise 
samples, compensating for the full aperture transfer 
function, and expanding the estimate to the super-resolution 
grid by pixel replication. The starting estimate for the mean 
value of the super-resolved image can be obtained in a 
similar manner. 

Once the starting points have been established, the non 
linear and iterative super-resolution technique forms subse 
quent estimates of the super-resolved scene by forming a 
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product of the current estimate of the super-resolved scene 
With a nonlinear function of the current estimate. The 
nonlinear function is an exponential product of the plurality 
of rotational measurements scaled by the number of frames 
measured. The arguments of the exponentials are a function 
of the measurements, the strip aperture sensor’s response 
function, and the current super-resolved scene estimate. The 
argument of the exponentials associated With each rotational 
position is obtained by performing a convolution of the 
response function of the re?ected strip aperture for the 
particular rotational position With an auxiliary function. One 
element of the auxiliary function generation consists of 
dividing the pixel measurements by the convolution of the 
current estimate of the super-resolved scene With the spatial 
response function of the strip aperture for the particular 
rotational position. 

Since each embodiment of the radiometer system and 
image synthesis processing method depends upon speci?c 
mission requirements and engineering tradeoffs, the radiom 
eter system and image synthesis method incorporates means 
to compensate for random, and/or systematic line of sight 
drift betWeen frames, and a priori and a posteriori knoWn 
error sources, such as, non-isoplanatic optical system point 
spread functions, ?eld point independent image smear due to 
image motion and ?nite electronic bandWidth of the 
detectors, and ?eld point dependent image smear caused by 
uncompensated rotational motion of the image. 

Incorporating a priori or a posteriori knowledge, such as 
the use of Markov Random Fields to implement postulates 
concerning scene structure, the use of total energy measure 
ment criteria, or the use of alternate conditional probability 
density functions lead to straight forWard modi?cations to 
the processing technique just described. The performance of 
the compensation techniques employed in the present sys 
tem and method depend upon the accuracy of the a priori and 
a posteriori knowledge, and the effective signal to noise 
ratio. 

The present system and method provide for an enhanced 
SpinAp class of space based optical imaging sensors and 
processing architectures that is capable of providing super 
resolved imagery from an optical system comprising a 
rotating strip aperture. The image measurement and synthe 
sis procedures of the present invention have advantages of 
providing a loWer risk, loWer cost, lighter Weight, simpler 
fabrication and deployment alternative to deploying 
complex, large aperture adaptive optical systems for space 
based high resolution imaging applications. 

The present system and method provide high resolution 
imagery from a satellite orbit, particularly When the Weight 
of the telescope is a siZable fraction of the Weight of the 
payload. The cost of launching a satellite is, in large, a 
function of its Weight in orbit. Depending on operational 
system conditions, it is estimated that for a given alloWable 
telescope Weight, the present invention can provide up to 
50% higher resolution than the conventional SpinAp system. 
The present invention may be used in such systems as high 
resolution (equivalent to large aperture) space based obser 
vatories. 

The SuperSpinAp system makes use of the available 
measurements to generate a full aperture image, having a 
spatial frequency cutoff beyond the spatial frequency cutoff 
associated With the largest correlation length associated With 
the strip aperture, i.e. beyond the equivalent SpinAp 
(bandlimited) synthesiZed full aperture spatial frequency 
cutoff. The SuperSpinAp imagery is representative of 
images generated from a SpinAp strip aperture having a 
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4 
greater correlation length. Therefore, it Would be an advan 
tage to have a modi?ed SpinAp image processing method 
that Would result in loWer payload Weight for a given 
effective synthesiZed aperture siZe. Furthermore, it Would 
also be advantageous to have a system and image processing 
method that provides a loWer risk, loWer cost, lighter Weight, 
and simpler fabrication deployment alternatives to deploy 
ing complex, large full circular apertures (or phased array 
telescopes) requiring complex adaptive optical systems for 
space based imaging applications. In addition, since the 
super-resolution estimation techniques permit estimation of 
scene information outside the passband of the strip aperture, 
the SuperSpinAp processing procedure can provide the same 
synthesiZed image quality as SpinAp With feWer rotational 
samples. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various features and advantages of the present inven 
tion may be more readily understood With reference to the 
folloWing detailed description taken in conjunction With the 
accompanying draWings, Wherein like reference numerals 
designate like structural elements, and in Which: 

FIG. 1 illustrates a spinning aperture imaging radiometer 
system in accordance With the principles of the present 
invention; 

FIG. 2 illustrates a ?rst embodiment of a system and 
method in accordance With the principles of the present 
invention; 

FIG. 3 illustrates a second embodiment of the present 
invention; 

FIG. 4 illustrates a third embodiment of the present 

invention; 
FIG. 5 illustrates a fourth embodiment of the present 

invention; 
FIG. 6 illustrates a ?fth embodiment of the present 

invention; 
FIGS. 7a and 7b depict an embodiment of a super 

resolution processing method associated With the inventions 
of FIGS. 2—6; 

FIGS. 8a and 8b depict an embodiment of another super 
resolution processing method associated With the inventions 
of FIGS. 2—6; 

FIGS. 9a and 9b depict another embodiment of another 
super-resolution processing method associated With the 
inventions of FIGS. 2—6; 

FIGS. 10a and 10b depict another embodiment of another 
super-resolution processing method associated With the 
inventions of FIGS. 2—6; 

FIGS. 11a and 11b depict another embodiment of another 
super-resolution processing method associated With the 
inventions of FIGS. 2—6; 

FIGS. 12—14 shoW test results using the present invention 
for various test patterns. 

DETAILED DESCRIPTION 

Referring to the draWing ?gures, FIG. 1 corresponds to 
FIG. 1 of US. Pat. No. 5,243,351, and provides an example 
of a spinning aperture imaging radiometer system 10 in 
accordance With and modi?ed by the principles of the 
present invention. The contents of US. Pat. No. 5,243,351 
are incorporated herein by reference. The spinning aperture 
imaging radiometer system 10 is adapted to synthesiZe 
super-resolved scene estimates, While removing line of sight 
jitter, and provide improved high resolution images When 
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compared to conventional optical systems of the same 
Weight, and When compared to a SpinAp system of the same 
Weight. The spinning aperture imaging radiometer system 
10 comprises a rotating strip aperture telescope 11 that 
includes primary 12a and secondary re?ectors 12b. A ter 
tiary re?ector (not shoWn) may be employed in the telescope 
11 under certain circumstances. 

For the purposes of the present disclosure, the system 10 
is shoWn in the form of a satellite comprising a stationary 
section 13 having an earth pointing antenna 13a. The 
telescope 11 is disposed on a platform 14, to Which the 
stationary section 13 is also coupled. The spinning aperture 
imaging radiometer system 10 is adapted to record a number 
of image frames of a target scene imaged by the telescope 11 
as the primary mirror 12a (comprising a strip aperture) 
rotates around the optical aXis of the telescope 11. A line of 
sight stabiliZation mirror 15 and an image derotation device 
16 are disposed along the optical path of the telescope 11 
that are adapted to stabiliZe and derotate the image prior to 
its sensing by a detector array 17. The derotation device 16 
counter rotates the image during the integration time of 
detectors comprising the detector array 17, under control of 
a rotation compensation controller 19, thereby providing a 
stationary image. The line of sight stabiliZation mirror 15 is 
used by a line of sight control system (such as may be 
provided by a signal processor or other dedicated control 
system) to remove high bandWidth line of sight errors, as 
Well as line of sight errors due to orbital dynamics of the 
system 10. The target scene is imaged onto the detector array 
17 located at the focal plane of the telescope 11 that is 
coupled to the signal processor 20 that is adapted to process 
the image frames. Alternatively, the signal processor 20 may 
comprise dedicated ground processor. The telescope 11, 
detector array 17 and related hardWare are referred to herein 
as a sensor system 21. Individual image frames produced by 
the sensor system 21 are processed and combined in the 
signal processor 20 to synthesiZe super-resolved scene esti 
mates in accordance With systems 10 and methods 30 of the 
present invention, and that are more speci?cally illustrated 
With reference to FIGS. 2—11. 

Speci?c embodiments of SuperSpinAp systems 10 and 
methods 30 are described beloW. More speci?cally, FIGS. 
2—11 illustrate various embodiments of the SuperSpinAp 
processing methods 30 in accordance With the principles of 
the present invention employed by the spinning aperture 
radiometer system and methods associated With FIG. 1 
appropriately modi?ed to implement the principles of the 
present invention. Aparticular embodiment is selected based 
upon the observational scenario and timelines, the amount of 
available prior knowledge, and the available computational 
throughput of the processing chain. 

FIG. 2 illustrates a ?rst embodiment of a system 10 and 
method 30 in accordance With the present invention, com 
prising a top level SuperSpinAp image synthesis method 30 
implemented in the signal processor 20. The SpinAp sensor 
21 acquires and generates a set of strip aperture images 22 
that are transferred to the SuperSpinAp processor 23. The 
SuperSpinAp processor 23 synthesiZes a super-resolved 
scene estimate 24. 

Referring to FIG. 3, a second system 10 and method 30 is 
illustrated. The SpinAp sensor 21 acquires and generates a 
set of strip aperture images 22, Which are transferred to the 
frame registration error processor 25. The frame registration 
error processor 25 determines the residual registration errors 
betWeen the individual frames of the set. By Way of 
eXample, frame registration may be accomplished as fol 
loWs. As the spinning strip aperture rotates around the 
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6 
optical aXis of the telescope 11, the folloWing occurs. The 
derotation device 16 counter-rotates during integration time 
of the detector array 17 to provide a temporally stationary 
image. An image frame is recorded and saved. If a rotating 
(relative to the scene) detector array architecture has been 
selected, the acquired frame is coordinate transformed and 
interpolated to a reference grid of the (not super-resolved) 
synthesiZed image. The data is Fourier transformed and 
stored. A neW frame is recorded and saved. An estimate of 
the frame-to-frame misregistration of the recorded data due 
to random line of sight errors is obtained. The strip aperture 
images, or the Fourier transforms, are corrected for their line 
of sight errors and are stored. The preceding steps are 
sequentially repeated for each strip aperture image frame, or 
the frames are sequentially acquired and stored, and then 
global estimates of the line of sight are determined to 
register the frames. The registration processor 25 transfers 
the set of corrected frames, the set of uncorrected frames and 
registration error estimates betWeen the frames, or both to 
the super-resolution processor 23. Using the corrected 
frames, or the uncorrected frames and the corresponding set 
of registration errors, the super-resolution estimation pro 
cessor 23 generates the super-resolved scene estimate 24. 

Referring to FIG. 4, a third system 10 and method 30 is 
illustrated. The SpinAp sensor 21 acquires and generates a 
set of strip aperture images 22, Which are transferred to the 
frame registration error processor 25. The frame registration 
error processor 25 determines the residual registration errors 
betWeen the individual frames of the set. The registration 
processor 25 transfers the set of corrected frames, the set of 
uncorrected frames and registration error estimates betWeen 
the frames, or both, to a SpinAp bandlimited image synthe 
sis processor 26 and the super-resolution estimation proces 
sor 23. The SpinAp bandlimited image synthesis processor 
26 generates images representative of full circular aperture 
images by means of the SpinAp process described in US. 
Pat. No. 5,243,351. Using the corrected frames, the set of 
uncorrected frames and registration error estimates betWeen 
the frames, or both, as Well as the SpinAp bandlimited 
image, the super-resolution estimation processor generates 
an estimate of the super-resolved scene 24. 

Referring to FIG. 5, a fourth system 10 and method 30 is 
illustrated. The SpinAp sensor 21 acquires and generates a 
set of strip aperture images 22, Which are transferred to the 
frame registration error processor 25. The frame registration 
error processor 25 determines the residual registration errors 
betWeen the individual frames of the set. The registration 
processor transfers the set of corrected frames, the set of 
uncorrected frames and registration error estimates betWeen 
the frames, or both to the super-resolution processor 23. In 
addition, the correctly registered frames, or the set of 
uncorrected frames and the registration error estimates 
betWeen the frames are transferred to the SpinAp bandlim 
ited image synthesis processor 26. The SpinAp bandlimited 
image synthesis processor 26 generates images representa 
tive of full circular aperture images by means described in 
US. Pat. No. 5,243,351, While incorporating a priori knoWl 
edge of the scene or object structure stored in an image 
synthesis data base 27. Using the corrected frames, or the 
uncorrected frames and the corresponding set of registration 
errors, as Well as the SpinAp bandlimited image, the super 
resolution estimation processor generates the super-resolved 
scene estimate 24, While incorporating a priori knoWledge of 
the scene or object structure stored in data base 27. 

Referring to FIG. 6, a ?fth system 10 and method 30 is 
illustrated. The SpinAp sensor 21 acquires and generates a 
set of strip aperture images 22, Which are transferred to the 






























